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Abstract 

This  paper  discusses  a  novel  microfluidic  fuel  cell  concept  that  utilizes  the  occurrence  of  multi-stream  laminar  flow  at  the  microscale  to 
keep  the  fuel  and  oxidant  streams  separated  yet  in  diffusional  contact.  The  system  consists  of  a  Y-shaped  microfluidic  channel  in  which 
two  liquid  streams  containing  fuel  and  oxidant  merge  and  continue  to  flow  laminarly  in  parallel  between  two  catalyst-covered  electrodes 
on  opposing  walls  without  turbulent  mixing.  Preliminary  results  indicate  that  this  novel  fuel  cell  concept  may  lead  to  the  development 
of  efficient  room  temperature  power  sources  of  microscopic  dimensions  that  are  comparable  or  better  in  performance  than  conventional 
polymer-electrolyte-membrane  based  microfuel  cells  that  typically  operate  between  60  and  80  °C. 
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1.  Introduction 

Increasing  societal  demand  for  a  wide  range  of  small,  of¬ 
ten  portable  devices  capable  of  operating  for  extended  pe¬ 
riods  without  recharging  has  resulted  in  a  surge  of  research 
in  the  development  of  micro  power  sources  [1-3].  These 
portable  applications  include  not  only  common  appliances 
such  as  cell  phones,  laptop  computers,  and  personal  organiz¬ 
ers,  but  also  more  specialized  devices  such  as  clinical  and 
diagnostic  tests,  microanalytical  systems  for  field  tests,  and 
global  positioning  systems.  To  date,  microscale  systems  re¬ 
search  has  focused  mostly  on  miniaturization  of  functional 
components,  leaving  miniaturization  of  long  lifetime  power 
sources  as  one  of  the  major  challenges. 

The  specific  power  source  studied  in  this  paper  is  a  fuel 
cell  that  utilizes  a  unique  property  of  fluid  flow  at  the  mi¬ 
croscale,  multi-stream  laminar  flow  (Fig.  1).  The  dimensions 
and  operating  conditions  of  the  microfluidic  fuel  cells  dis¬ 
cussed  here  are  such  that  fluid  flow  is  pressure  driven  and 
characterized  by  a  Reynolds  number.  Re,  less  than  10.  Two 
different  aqueous  streams  introduced  into  the  same  channel 
at  Re  <~  2100,  will  proceed  to  flow  laminarly  in  paral¬ 
lel  as  the  viscous  effects  dominate  over  the  inertial  effects. 
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The  only  remaining  mechanism  of  mixing  is  diffusion  across 
the  mutual  liquid-liquid  interface  between  the  two  streams 
transverse  to  the  direction  of  flow.  Utilization  of  this  phe¬ 
nomenon  in  microfluidic  systems  has  recently  resulted  in  a 
number  of  interesting  applications  such  as  the  creation  of 
DNA  analysis  devices  [4],  blood  diagnostics  [5],  pH  gra¬ 
dients  for  use  in  iso-electric  focusing  [6],  vanadium-based 
redox  flow  cells  [7],  microfluidic  circuit  boards  [8],  separa¬ 
tions  [9],  in-channel  microfabrication  [10],  and  has  inspired 
the  development  of  a  laminar  flow -based  fuel  cell  [11]. 

Many  current  fuel  cell  designs  employ  a  static  physical 
barrier  such  as  a  proton  exchange  membrane  (PEM)  to  sep¬ 
arate  the  fuels  in  the  anodic  and  cathodic  compartments. 
While  these  PEM-type  fuel  cell  designs  have  great  promise 
to  become  the  power  source  of  choice  for  some  of  the  appli¬ 
cations  mentioned  above,  there  are  still  problems  associated 
with  their  operation.  Fuel  cells  run  more  efficiently  at  higher 
temperatures  due  to  faster  kinetics,  however,  the  PEM  then 
tends  to  dry  out  reducing  the  effectiveness  of  proton  con¬ 
duction.  Water  management  is  an  issue  since  the  PEM  has 
to  be  hydrated  at  all  times  in  order  to  facilitate  the  transport 
of  protons  [12].  Another  significant  problem  for  PEM-type 
fuel  cells  is  fuel  crossover  through  the  membrane,  which  re¬ 
sults  in  a  mixed  potential  at  the  cathode  and  thereby  lowers 
the  cell  performance  [13].  Despite  extensive  efforts,  these 
problems  still  remain  major  issues  preventing  PEM-type  fuel 
cells  from  being  applied  in  wide-scale  portable  applications 
[12]. 
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Table  1 

Summary  of  thermodynamic  data  for  different  fuels 


Fuel 

Reaction 

n  (e) 

-A H°  (kJ/mol) 

—  A G°  (kJ/mol) 

Erev°  (V) 

Maximum 
efficiency  (%) 

Hydrogen 

H2  +  0.5O2  ->  H20(1) 

2 

286 

237.3 

1.23 

82.97 

Methanol 

CH3OH  +  1.502  C02  +  2H20(1) 

6 

726.6 

702.5 

1.21 

96.68 

Formic  acid 

HCOOH  +  0.5O2  C02  +  H20(1) 

2 

270.3 

285.5 

1.48 

105.6 

Note  that  maximum  efficiencies  greater  than  100%  are  theoretically  possible  since  the  conversion  of  energy  can  not  only  come  from  chemical  energy 
stored  in  the  reactants,  but  can  also  be  absorbed  energy  from  the  surroundings  and  then  converted  into  electrical  energy  where  the  enthalpy  and  Gibbs 
free  energy  are  related  to  entropy  and  temperature. 


The  liquid-liquid  interface  between  the  two  streams  in 
the  laminar  flow-based  fuel  cells  discussed  here,  as  shown 
in  Fig.  2,  has  certain  advantages  over  static  membrane  fuel 
cells.  During  operation,  convective  transport  dominates  over 
diffusive  transport  so  fuel  crossover  can  be  avoided  as  the 
amount  of  diffusion  transverse  to  the  direction  of  flow  can 
be  controlled  with  high  precision  by  variation  of  the  flow 
rate  of  the  fuel  and  oxidant  streams.  Other  advantages  in¬ 
clude  eliminating  issues  with  water  management  (i.e.  mem¬ 
brane  dry-out)  as  the  ‘membrane’  in  the  laminar  flow-based 
fuel  cell  is  a  liquid-liquid  interface.  The  flowing  streams 
automatically  remove  excess  water  generated  in  the  electro¬ 
chemical  process.  In  addition,  operation  at  elevated  temper¬ 
atures  is  not  problematic  as  long  as  the  temperature  avoids 
the  boiling  point  of  the  fuel  solution  used.  Another  physio- 
chemical  phenomenon  occurring  is  the  formation  of  deple- 


Fig.  1 .  Optical  micrograph  of  two  different  dyed  aqueous  streams  flowing 
in  parallel  without  turbulent  mixing. 


Fig.  2.  Schematic  of  the  membraneless  laminar  flow-based  fuel  cell.  The 
regions  of  fuel/oxidant  depletion  as  well  as  the  regions  of  diffusional 
fuel/oxidant  crossover  are  indicated  (not  drawn  to  scale). 


tion  boundary  layers  close  to  the  catalyst-covered  electrodes 
as  a  result  of  the  reaction  of  fuel  at  the  anode  and  oxidant 
at  the  cathode  (Fig.  2).  Adjustments  of  the  flow  rates  and 
channel  dimensions  allow  for  precise  control  of  the  electro¬ 
chemical  processes  that  take  place  at  the  electrodes  as  will 
be  shown. 

Recent  catalysis  and  fuel  cell  research  has  indicated  that 
formic  acid  may  be  a  good  alternative  to  the  common  fu¬ 
els  of  hydrogen  and  methanol  [14,15].  Even  though  formic 
acid  has  a  lower  energy  density  than  methanol,  7.49  and 
17.5  J/ml,  respectively,  the  possibility  for  a  significant  in¬ 
crease  in  performance  with  the  correct  catalyst  exists  [16]. 
Compared  to  hydrogen  and  methanol,  formic  acid  has  a 
higher  overall  theoretical  open  circuit  potential  and  maxi¬ 
mum  efficiency  as  indicated  in  Table  1.  In  sum,  formic  acid 
seems  to  be  a  promising  fuel  for  fuel  cells  and  thus  will  be 
explored  as  the  fuel  with  the  membraneless  fuel  cell  in  this 
paper. 


2.  Experimental 

For  all  experiments  described  below,  a  novel  fuel  cell  con¬ 
sisting  of  a  Y-shaped  channel  with  electrodes  on  the  inner 
sidewalls  of  the  main  channel  was  manufactured  using  mul¬ 
tiple  replication  steps.  In  a  typical  procedure,  a  negative  of 
the  channel  shape,  or  master,  is  obtained  in  thick  photoresist 
(SU-8  series,  MicroChem)  via  standard  photolithographic 
techniques  using  transparency  films  as  the  mask  [17].  This 
master  is  then  replicated  into  an  elastomeric  mold,  typically 
in  polydimethylsiloxane  (PDMS),  to  obtain  a  positive  relief 
structure  of  the  microfluidic  channels  [17].  Subsequently, 
this  mold  is  replicated  to  obtain  the  desired  central  support 
structure:  a  liquid  UV-curable  adhesive  (Norland  Optical 
Adhesive)  is  applied  and  spread  evenly  over  the  elastomeric 
mold,  then  a  flat  layer  of  the  elastomeric  material  is  applied 
and  clamped  on  top  (i)  to  level  the  liquid  adhesive,  and  (ii) 
to  ensure  that  the  top  layer  touches  the  top  of  the  positive 
relief  microfluidic  channel  structure.  This  clamped  assem¬ 
bly  is  then  treated  with  UV  light  to  cure  the  liquid  adhesive 
layer.  After  peeling  away  the  elastomeric  top  layer  and  the 
positive-relief  elastomeric  mold  a  freestanding  central  sup¬ 
port  structure  (0.5-3  mm  in  thickness)  carrying  the  outlines 
(sidewalls)  of  the  Y-shaped  microfluidic  channel  system  is 
obtained  (Fig.  3). 
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Fig.  3.  Stacked  assembly  of  Y-shaped  microfluidic  membraneless  fuel  cell  system.  The  inert  support  structure  is  a  curable  polymer,  which  forms  the 
sidewalls  of  the  Y-shaped  channel.  These  sidewalls  carry  both  the  anode  and  the  cathode.  A  typical  channel  width  is  1000  |xm  with  a  height  of  1000  (xm 
(not  drawn  to  scale). 


The  seed  layers  for  the  anode  and  cathode  electrodes  were 
applied  via  sputtering  of  25-50  A  of  chromium  as  an  adhe¬ 
sion  layer  followed  by  250-1500  A  of  gold  as  the  seed  layer. 
Deposition  of  platinum  black  catalyst  on  these  seed  layers 
was  performed  via  contact  electrodeposition  [18]. 

After  applying  the  appropriate  catalyst  to  the  cathode  and 
anode,  the  central  support  structure  is  clamped  between  two 
slabs  of  gasket  material,  here  PDMS  typically  1-10  mm 
in  thickness,  to  form  the  top  and  the  bottom  wall  of  the 
Y-shaped  microfluidic  channel  (Fig.  3).  More  rigid  top  and 
bottom  capping  layers,  such  as  2  mm-thick  pieces  of  poly¬ 
carbonate,  are  applied  to  provide  rigidity  and  robustness  to 
the  layered  system. 

Polyethylene  tubing  (Intramedic  Pe  =  205,  i.d.  1.57  mm, 
o.d.  2.08  mm)  is  placed  in  one  of  the  two  slabs  of  material 
to  guide  the  fuel  and  oxidant  into  the  Y-shaped  channel 
systems  and  to  guide  the  waste  stream  out  of  the  channel. 
The  tubing  is  inserted  into  holes  that  are  punched  exactly 
at  the  three  ends  of  the  Y-shaped  channel  design  and  glued 
into  place.  Fluid  flow  in  all  of  our  fuel  cell  experiments  is 
pressure  driven  and  regulated  using  a  Harvard  Apparatus 
PHD  2000  syringe  pump  with  typical  flow  rates  between  0.3 
and  0.8  ml/min  per  stream. 

All  experiments  were  conducted  using  formic  acid 
(Aldrich  96%  ACS  grade)  or  potassium  permanganate 
(Fisher  99.0%)  in  1 8.3  Q-cm  Millipore  water  as  the  fuel, 
and  oxygen  (S.J.  Smith  Welding  Supply  99.99%)  dissolved 
in  0.5  M  sulfuric  acid  (Fisher  Scientific)  in  18.3  f2-cm  Mil¬ 
lipore  water  as  the  oxidant.  Oxygen  was  bubbled  through 
an  aqueous  solution  of  0.5  M  sulfuric  acid  for  15  min  with 
a  glass  tube  ending  in  a  glass  frit  to  aid  in  the  saturation 
of  the  solution  with  oxygen.  All  experiments  were  con¬ 
ducted  at  room  temperature  with  electrodeposited  platinum 
black  on  both  the  anode  and  cathode  electrodes  as  the 
catalyst.  For  fuel  cell  characterization  the  current  and  po¬ 
tential  were  measured  at  different  loads  using  a  variable 
resistor. 


3.  Results  and  discussion 

3.1.  Physicochemical  analysis 

The  Schmidt  and  Peclet  numbers  are  dimensionless  quan¬ 
tities  that  allow  for  the  conceptual  understanding  of  the  trans¬ 
port  issues  associated  with  fluid  flow  in  rectangular  ducts 
similar  to  the  ones  studied  here.  The  Schmidt  number  quali¬ 
tatively  compares  molecular  diffusivity  with  momentum  dif- 
fusivity.  Sc  =  v/D,  where  v  is  the  kinematic  viscosity  and  D 
is  the  diffusivity  of  the  species  of  interest  through  a  particular 
solvent.  Using  this  scaling  analysis,  approximate  boundary 
layer  thicknesses  can  be  estimated  analytically.  In  our  case, 
the  Schmidt  number  is  greater  than  1,  therefore,  the  viscous 
effects  diffuse  more  rapidly  than  concentration  effects  ex¬ 
posing  the  concentration  boundary  layer  to  a  linear  velocity 
profile.  In  a  typical  example,  at  approximately  100  |xm  into 
a  channel  that  has  a  1  mm2  cross-sectional  area  at  a  flow  rate 
of  0.3  ml/min  per  inlet,  the  flow  is  entirely  within  the  vis¬ 
cous  boundary  layer  and  the  concentration  boundary  layer 
is  approximately  25  |xm  thick  (Fig.  4). 

During  multistream  laminar  flow,  diffusion  transverse  to 
the  direction  of  flow  results  in  the  mixing  of  the  two  streams 
(Fig.  2).  The  degree  of  mixing  depends  on  the  diffusivities 
of  the  species  and  the  time  they  are  in  diffusional  contact. 
The  Peclet  number  Pe,  is  the  ratio  of  diffusive  to  convective 
time  scales  Pe  =  UH/D  where  U  is  average  velocity;  H, 
channel  height;  and  D  is  the  diffusivity  the  species  of  interest 
through  a  particular  solvent.  By  operating  the  laminar  flow 
fuel  cell  discussed  here  at  a  high  Peclet  number,  typically  in 
the  order  of  10  000,  fuel  crossover  can  be  prevented  as  in  this 
case  the  convective  time  scale  is  shorter  than  the  diffusive 
time  scale  [19]. 

When  a  heterogeneous  reaction  occurs  at  the  wall,  deple¬ 
tion  of  the  reactant  results  in  formation  of  a  concentration 
boundary  layer  or  depletion  zone  which  leads  to  lower 
conversion  rates  due  to  a  lower  concentration  of  reactant 
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Fig.  4.  Viscous  and  concentration  boundary  layer  growth  in  the  axial 
direction  along  the  electrode  of  a  1000  (xm  x  1000  [xm  channel  based  on 
boundary  layer  theory. 

occupying  the  region  directly  next  to  the  electrode  than 
the  concentration  of  the  reactant  in  the  bulk  region.  There¬ 
fore,  for  optimal  performance,  the  concentration  boundary 
layer  thickness  should  be  minimized  to  create  a  steeper 
concentration  gradient,  driving  a  larger  flux  of  reactants 
through  the  depletion  region.  The  system  can  be  modeled 
as  a  flat  plate  and  the  concentration  as  a  function  of  time 
and  distance  laterally  away  from  the  electrode  to  provide  a 
theoretical  representation  of  the  depletion  region.  This  ex¬ 
pression  can  then  be  used  to  correlate  time  with  a  particular 
position  down  the  channel  to  yield  a  concentration  profile 
for  any  position  in  the  system  as  shown  in  Fig.  5. 

By  operating  at  high  Peclet  and  Schmidt  numbers  (i.e.  at 
Pe  1  and  Sc  1)  the  concentration  boundary  layer  can 
be  pressed  close  against  the  wall  and  fuel  crossover  can  be 
prevented  simultaneously.  The  scaling  analysis  also  suggests 
that  reducing  the  dimensions  of  the  channel  will  decrease 
the  width  of  the  depletion  region  while  keeping  all  other 
process  variables  constant.  Therefore,  the  best  scenario  is  to 
utilize  small  channels  having  high  linear  velocities,  which 
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Fig.  5.  Depletion  region  of  0.5  M  formic  acid  bulk  concentration  normal 
to  the  electrode  wall  at  Pe  =  10000  at  different  residence  times  modeled 
using  a  second  order  partial  differential  equation.  The  position  down  the 
length  of  the  channel  can  be  correlated  to  a  residence  time  in  the  system 
by  multiplying  by  the  linear  velocity. 


results  in  the  concentration  boundary  layer  remaining  close 
to  the  wall  and  the  reactants  staying  on  their  original  side 
of  the  cell. 

The  performance  of  the  membraneless  fuel  cell  system 
can  be  affected  by  the  hydrodynamic  stability  of  the  flowing 
streams.  When  either  the  flow  is  too  fast  or  too  slow,  de¬ 
viations  from  the  steady  state  are  observed.  At  higher  flow 
rates,  small  hydrodynamic  perturbations  cause  the  streams 
to  oscillate,  i.e.  they  vary  in  relative  width,  and  on  occasion 
touch  the  opposite  electrode.  Fuel  crossover  by  diffusion  oc¬ 
curs  with  slower  flow  rates,  resulting  in  a  mixed  potential  at 
the  cathode  and  lower  cell  performance  as  discussed  above. 
The  flow  rate  operating  range  of  the  system  varies  depend¬ 
ing  on  geometry  and  composition/concentration  of  fuel  and 
oxidant  streams.  The  optimum  flow  rates  would,  therefore, 
provide  little  to  no  fuel  crossover  while  yielding  high  fuel 
and  oxidant  consumption.  Based  on  experiments  studying 
the  dependence  of  the  flow  rate  on  the  current,  an  operating 
flow  rate  of  0.5  ml/min  was  typically  used  for  the  fuel  cell 
experiments  described  below. 

3.2.  Fuel  cell  characterization 

The  performance  of  the  membraneless  fuel  cell  system 
can  be  limited  by  proton  conductance  due  to  the  distance 
a  proton,  generated  at  the  anode,  needs  to  travel  to  reach 
the  cathode.  This  resistance  limitation  can  be  overcome  by 
adding  a  proton  source  such  as  sulfuric  acid  to  the  cathode 
and/or  anode  stream,  thus  providing  a  supply  of  protons 
closer  to  the  cathode  while  still  maintaining  a  proton  gradient 
due  to  consumption  of  protons  at  the  cathode  (Fig.  6). 

Load  curves  of  the  membraneless  fuel  cell  were  obtained 
using  2.1M  formic  acid  as  the  fuel  and  0. 144  M  potassium 
permanganate  and  oxygen-saturated  0.5  M  sulfuric  acid  as 
the  oxidant  in  the  first  and  second  experiment,  respectively. 
The  load  curves  recorded  from  these  membraneless  fuel 
cells  have  the  same  characteristic  shape  of  typical  fuel  cells 
with  the  kinetically  limited,  ohmic,  and  mass  transport  lim¬ 
ited  regions  (Fig.  7).  Using  the  corresponding  power  density 


Fig.  6.  Current  density  as  a  function  of  volumetric  flow  rate  for  experi¬ 
ments  performed  with  2. 1  M  formic  acid  as  the  fuel  and  different  oxygen 
saturated  oxidant  streams. 
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Fig.  7.  Load  curves  and  corresponding  power  density  curves  of  membraneless  fuel  cells  flowing  at  0.5  ml/min  using  2. 1  M  formic  acid  as  the  fuel  and 
0.144M  potassium  permanganate  in  0.5M  sulfuric  acid  (A)  and  oxygen  saturated  0.5M  sulfuric  acid  (B)  as  the  oxidant. 


curves  optimal  operation  parameters  can  be  deduced:  4.0 
and  0.40  mA/cm2  at  potentials  of  0.55  and  0.40  V,  respec¬ 
tively  (Table  2).  An  order  of  magnitude  higher  current  den¬ 
sity  is  observed  for  the  system  with  permanganate  instead 
of  oxygen  as  the  oxidant  due  to  the  higher  oxidant  concen¬ 
tration  of  144  mM  MnO/t-  versus  ~0.5mM  of  oxygen  for 
the  oxygen  saturated  stream  [20]. 

Formation  of  bubbles  on  the  electrodes,  specifically  for¬ 
mation  of  carbon  dioxide  bubbles  as  one  of  the  products  of 
formic  acid  oxidation  at  the  anode,  would  hinder  the  perfor¬ 
mance  of  the  membraneless  fuel  cell  design  by  disturbing 
the  flow.  However,  carbon  dioxide  has  a  solubility  of  90  ml 
in  100  ml  of  water  at  room  temperature  and  thus  the  CO2 
formed  readily  dissolves  in  the  flowing  stream  and  is  car¬ 
ried  out  of  the  system.  Bubbles  were  never  observed  in  our 
experiments. 

The  current  density  did  not  increase  significantly  with 
higher  fuel  concentrations,  which  suggests  that  the  perfor¬ 
mance  of  the  membraneless  fuel  cells  is  limited  by  slow 
anode/cathode  kinetics,  low  oxidant  concentration,  or  slow 
diffusion  of  reagents  to  the  electrode  surface  due  to  the  for¬ 
mation  of  a  concentration  boundary  layer.  The  system,  how¬ 
ever,  cannot  be  kinetically  limited  since  the  current  is  higher 
at  higher  flow  rates.  Lowering  the  formic  acid  concentra¬ 
tion  to  as  low  as  0.04  M  did  not  result  in  a  reduction  of  the 


Fig.  8.  Current  density  as  a  function  of  volumetric  flow  rate  for  different 
size  channels  3.0  cm  in  length  with  1.0  M  formic  acid  as  fuel  and  a  0.5  M 
sulfuric  acid  solution  saturated  with  oxygen  as  the  oxidant. 

cell’s  performance,  which  indicates  that  the  cell  is  cathode 
limited.  The  cathode  limitation  was  confirmed  by  indepen¬ 
dent  analysis  of  the  anode  and  cathode  using  an  external 
reference  electrode  [21]. 

The  depletion  model  described  in  Section  1  above  sug¬ 
gests  that  by  reducing  the  width  dimension  of  the  channel 
will  decrease  the  width  of  the  depletion  region  with  other 
experimental  parameters  being  constant.  Fig.  8  compares 
the  performance  of  two  cells  both  with  3  cm  long  channels 


Table  2 


Summary  of  performance  characteristics  of  the  laminar  flow  fuel  cell  experiments  shown  in  Fig.  7 


Fuel  cathode 

Fuel  anode 

Catalyst 

Potential  (V) 

Current  density  (mA/cm2) 

Electrochemical  efficiency  (%) 

10%  HCOOH 

O2/H2SO4 

Pt-black 

0.4 

0.4 

27 

10%  HCOOH 

KM11O4 

Pt-black 

0.55 

4 

32 

The  electrochemical  efficiencies  were  calculated  by  dividing  the  measured  potential  by  the  maximum  achievable  potential. 
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but  having,  respectively,  a  1000  |xm  x  1000  |xm  (like  before) 
and  a  500  |xm  x  500  |xm  cross-sectional  area.  The  reduc¬ 
tion  in  size  increases  the  current  density  at  the  same  volu¬ 
metric  flow  rate  as  suggested  by  the  model.  Therefore,  by 
minimizing  the  concentration  boundary  layer  and  having  the 
same  bulk  concentration,  both  the  flux  of  fuel  and  the  per¬ 
formance  of  the  cell  can  be  increased.  The  net  result  is  that 
one  can  operate  the  system  at  a  lower  volumetric  flow  rate 
in  a  smaller  system  to  achieve  the  same  performance.  This 
result  also  leads  to  the  conclusion  that  the  process  is  diffu¬ 
sion  limited  and  the  concentration  boundary  layer  results  in 
a  large  resistance  to  reactant  transport  to  the  electrodes. 

Under  the  current  cell  geometry  and  operating  conditions 
fuel  utilization  is  less  than  1.0%.  The  formation  of  depletion 
boundary  layers  that  are  not  replenished  quickly  on  the  elec¬ 
trodes  and  the  excess  of  fuel  that  never  reaches  the  electrode 
surface  account  for  this  low  conversion  rate.  As  we  have  ob¬ 
served  experimentally,  narrowing  the  channel  will  increase 
the  fuel  efficiency  by  reducing  the  width  of  the  boundary 
layer  and  minimizing  the  amount  of  unreacted  fuel  passing 
through  the  system.  Adding  a  third  stream  containing  only 
electrolyte  between  the  fuel  and  oxidant  streams  could  also 
enhance  the  conversion  efficiency  by  forcing  the  fuel  stream 
to  be  close  in  size  to  the  concentration  boundary  layer  thick¬ 
ness,  approximately  100  p,m  in  the  studied  system.  By  op¬ 
erating  the  system  with  0.01  M  formic  acid,  a  third  stream 
of  only  electrolyte  300  p,m  wide,  and  a  500  |xm  x  500  |xm 
cross-sectional  channel,  it  is  possible  to  achieve  approxi¬ 
mately  65%  fuel  conversion  at  the  same  volumetric  flow 
rate.  Other  changes  to  the  design  of  the  present  membrane¬ 
less  fuel  cell  prototypes  need  to  be  incorporated  in  order  to 
increase  fuel  efficiency  further. 

4.  Conclusions 

Our  results  demonstrate  the  operation  of  a  fuel  cell 
based  on  multi-stream  laminar  flow.  The  present  prototypes 
have  electrode  areas  of  0.15  and  0.3  cm2  and  achievable 
current  densities  up  to  8mA/cm2.  The  desired  goal  is  to 
design  a  device  that  is  optimized  with  minimal  size  and 
maximal  current  density  with  significantly  high  fuel  effi¬ 
ciency.  New  designs  will  seek  to  exploit  the  characteristic 
advantages  of  this  membraneless  system.  The  current  mem¬ 
braneless  design  possesses  a  flowing  liquid  membrane  with 
high  ionic  conductance,  no  prominent  water  management 
issues,  facile  product  removal,  and  precise  control  over 
fuel  crossover.  Removal  of  the  membrane  results  in  no 
membrane  “dry-out”,  a  higher  temperature  tolerance,  no 
maintenance  of  the  membrane,  and  therefore,  reduces  the 
complexity  of  the  fuel  cell  design. 

With  the  understanding  of  transport  phenomena  and  op¬ 
eration  of  the  laminar  flow-based  microfuel  cell,  strides  can 
be  made  toward  the  design  of  a  high  performance  laminar 
flow-based  microfuel  cell.  By  integrating  bi-metallic  cata¬ 
lysts,  one  can  improve  the  performance  of  methanol  and 


formic  acid  oxidation,  mainly  by  reducing  the  amount  of 
CO  poisoning  of  the  catalyst.  In  the  methanol  case,  a  plat¬ 
inum/ruthenium  catalyst  has  been  shown  to  improve  perfor¬ 
mance,  while  in  the  formic  acid  case  a  platinum/palladium 
catalyst  improves  performance.  Therefore,  in  future  work, 
integration  of  these  bi-metallic  catalysts  should  dramatically 
enhance  the  performance  of  the  currently  discussed  laminar 
flow-based  micro  fuel  cell. 

Preliminary  results  suggest  that  the  fuel  cell  performance 
is  limited  by  the  transport  of  reactants  through  the  concen¬ 
tration  boundary  layer  to  the  electrodes  and  by  the  low  con¬ 
centration  of  oxidant  in  the  cathode  stream.  Through  the  use 
of  solvents  with  high  oxygen  adsorption  capability  yet  good 
ionic  conductivity  and  new  channel  designs,  improvement 
in  the  performance  is  expected. 

The  existing  fabrication  procedure  needs  to  be  revised  in 
order  to  achieve  miniaturization  of  the  system.  The  free¬ 
standing  inert  channel  support  structure  is  unmanageable, 
once  its  thickness  is  below  500  p,m.  Also  the  use  of  materi¬ 
als  other  than  PDMS  and  polyurethane  is  advisable  due  to 
limited  compatibility  with  the  fuel  and  oxidant  streams  over 
long  periods  of  time. 

Fuel  cells  receive  a  lot  of  attention  as  potential  power 
sources  for  a  wide  variety  of  applications.  While  the  novel 
concept  discussed  in  this  paper  is  promising,  it  is  unclear 
whether  this  concept  is  a  viable  option  for  practical  applica¬ 
tions.  Issues  with  parasitic  losses  due  to  the  need  to  pump 
fluids,  fuel  conversion  efficiency,  and  the  potential  need  to 
re-circulate  the  carrier  fluid  (acidic  water)  need  to  be  sorted 
out  before  a  detailed  comparison  can  be  made  with  other 
fuel  cell  systems  such  as  those  based  on  PEM  membranes. 
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